A major question about protein folding is whether the coming together by diffusion of different segments of the polypeptide chain is rate-determining. This seemingly simple question has been very difficult to answer experimentally, but a positive result has now been obtained with one small model protein.
Experimental studies of protein folding have sought to identify these crucial intermediates. With some proteins, species distinct from either the unfolded (U) or folded (N) states can be detected transiently during refolding of U, although not usually during unfolding of N. The greater their accumulation, the more important these intermediates (I) were concluded to be. In general, however, the intermediate species that accumulate to the greatest extent will be those that cannot complete folding rapidly -species that are kinetically trapped and therefore unlikely to be productive intermediates. The initial kinetic 'intermediates' detected turned out to be molecules that were prevented from completing folding by some intrinsically slow interconversion:
In equation (1) , U S and U F are slow-refolding and fastrefolding molecules, respectively. They are unfolded or partly-folded molecules that are only slowly interconverted because they have to undergo some intrinsically slow isomerization, such as the cis-trans isomerization of peptide bonds preceding proline residues [3] . In the case of cytochrome c, the U S forms turned out to have non-native ligands attached to the heme iron [4] . The U F forms fold much more rapidly, and some proteins have recently been found to fold extremely rapidly, within a millisecond or so. This led to the idea that proteins that fold more slowly are kinetically trapped in some way, and that all proteins would refold very rapidly in the absence of such kinetic traps. However, the presence of kinetic traps can be uncovered by examining the kinetics of unfolding, as only the fastrefolding U F molecules are generated initially, and they are only slowly converted to the kinetically trapped species U S . Such studies show that unfolded proteins that fold only slowly are not necessarily of the kinetically trapped U S type, and that folding per se is not necessarily fast. Indeed, in the case of bacterial proteases, folding to the stable native conformation does not occur at a finite rate in the absence of a 'pro-region' of the biosynthetic precursor [5] .
Further studies discovered many proteins that refold without adopting any stable partly-folded conformations -they remain unfolded until adopting the fully-folded conformation in an all-or-nothing reaction [6] . Such proteins do not adopt stable conformations to limit the conformational search; moreover, these proteins tend to refold more rapidly than those that adopt partly-folded states (although they also tend to be smaller). A further observation suggesting that stable intermediates are not important for rapid folding is the remarkable ability of complementing fragments of a polypeptide chain to reassemble and refold [7, 8] . Such fragments have a reduced tendency to adopt stable structure, yet they can recombine and refold rapidly, apparently using the same transition state as the intact protein [8, 9] . In the case of a protein that forms a stable partly-folded intermediate, comparison of the rate constants for the uni-molecular and bi-molecular folding reactions suggested that it was not the intermediate that folded productively, but the fully unfolded protein [9] .
When folding is coupled to disulphide formation, the kinetic mechanism can be elucidated unambiguously [10] . Again, some such proteins refold through partly-folded intermediates with non-random disulphide bonds, whereas others remain unfolded and form random disulphide bonds. Even when there is a productive, native-like, partly-folded intermediate, the rate-limiting transition to the fully folded state involves at least partial unfolding of that intermediate [10, 11] .
The vast number of possible protein conformations also implies that unfolded proteins are conformationally very heterogeneous ensembles, in which each molecule will have a unique conformation at each instant of time.
Folding is frequently imagined to occur by molecules falling down energetic funnels, starting from whatever conformation they happened to be in initially and without necessarily encountering any intermediates or energetic barriers [12] . Nevertheless, the experimental observations with well-behaved, model proteins indicate that there is a substantial energy barrier to folding and that, before traversing this barrier, all unfolded conformations of the same U S or U F class equilibrate rapidly [1] .
This last point is indicated by the first-order kinetics that are usually observed and indicate that all the molecules of the same U S or U F class have exactly the same probability of folding, and probably do so by crossing the same freeenergy barrier. Also, the kinetics of refolding are independent of the unfolding conditions used; the rate depends only upon the final folding conditions. A free-energy barrier also seems to be important for limiting the conformational flexibility of the native conformation; native proteins under a variety of conditions maintain essentially the same unique conformation. This free-energy barrier seems to be the same one that is encountered during refolding. There are no experimental observations indicating that the protein-folding reaction is intrinsically different kinetically from other chemical reactions with a free-energy barrier and a transition state.
The experimental observations of protein folding are readily explicable if one considers the cooperativity that is necessary for a stable folded conformation to result from many weak interactions. Simple models of how such cooperativity may arise indicate that all the productive kinetic intermediates should be very unstable and impossible to detect experimentally, and that they will define a free-energy barrier [9] . A very useful analogy is the interleaving of the four flaps of a cardboard box, to produce a stable, folded structure, which involves a substantial energetic barrier to both making and undoing it (Fig. 1 ). This simple model also illustrates the types of unstable intermediate that must be involved, and the occurrence of quasi-native structures -for example, with incomplete native disulphide bonds or incorrect cis/trans peptide bond isomers -that do not have a high energy barrier to unfolding (Fig. 2) .
The most informative approach to elucidating the mechanism of protein folding is to characterize the transition state. This can be done only indirectly, as the transition state is, by definition, the least stable species along the pathway, and is therefore populated for the least amount of time and impossible to observe directly. Typically, the transition state is characterized by varying the folding conditions or the covalent structure of the protein while monitoring the effect on the rate of folding, which defines the free energy of the transition state. Most of the experimental results with a few model proteins indicate that the transition state is closer in structure to the N than to the U state [1] , yet with most of the stabilizing interactions greatly diminished [8] .
Protein folding involves, at some stage, the coming together by diffusion of the various parts of the unfolded polypeptide chain, which condense into the close-packed native conformation. A major question is whether this diffusion process is involved in the rate-limiting step. If so, the rate of the folding process should be dependent upon the solvent viscosity. This would seem simple to determine experimentally, but it is not; the cosolvents that are usually added to water to increase its viscosity almost invariably alter other properties of the solvent and also the net stability of the folded conformation. They either interact directly with the N and/or U states or, for large polymers, are excluded from the immediate environment of the protein molecule for steric reasons [13] . In affecting the stability, the rates of unfolding and/or refolding must also be altered, irrespective of the effect of the solvent viscosity. Consequently, the interpretation of such studies is not straightforward [14, 15] .
Franz Schmid and colleagues [16] have now addressed this question again, using a small model protein that folds very rapidly and without any populated intermediate states. The transition state is well-defined kinetically and is close to the N state in its apparent accessibility to Dispatch R381
Figure 1
The cardboard box model for a protein unfolding-refolding transition [18] . The native state of a single-domain globular protein is represented by the four flaps of a cardboard box, interleaved to produce a highly cooperative rigid structure (a) denaturants. Ethylene glycol was used to increase the solvent viscosity; it slowed the rates of both unfolding and refolding, but it also stabilized the native conformation at low concentrations. To account for this effect, they used an analysis developed by Hurle et al. [17] , which assumes that the transition state will be solvated to the same extent by both the cosolvent used to increase the viscosity and by the denaturant used to unfold the protein. Although this assumption seems very reasonable, it must be remembered that the two cosolvents had opposite effects on the transition state. Fortunately, the slowing of the rate of folding was also observed at high ethylene glycol concentrations, where there was no substantial effect on stability of the protein.
A further complication is that high concentrations of cosolvents in water usually affect many of its properties, and it is not possible to alter solely the viscosity. Schmid and colleagues [16] present evidence that the nature of the transition state was not changed by the ethylene glycol, and they obtained similar results when sucrose was used to increase the viscosity. They were also able to show that the slowing down of the folding rate was not a result of changes in the polarity or surface tension of the solvent rather than its viscosity.
On the basis of all their data, Schmid and colleagues [16] conclude that the rate of folding is inversely proportional to the solvent viscosity, which would indicate that diffusion is involved in the rate-determining step. This conclusion is somewhat surprising in view of the compact, native-like characteristics of this particular transition state. Diffusion could be more readily imagined to be limiting if the transition state were expanded and involved large movements of the polypeptide chain. Unfortunately, the structural interpretation of diffusion effects is not obvious. Schmid and colleagues [16] make the point that the viscosity probes the dynamics of the transition state, whereas the denaturants that indicate it to be very compact probe its average exposure to the solvent.
Does the cardboard box model (Figs 1,2) shed any light on the protein-folding problem? Its transition state certainly involves dynamic movements of different parts of the structure. Unfortunately, my attempts to demonstrate the effects of viscosity experimentally, using a cardboard box in mixtures of ethylene glycol and water, were inconclusive. Because of its intrinsic importance, combined with the difficulty in interpreting experimental results, it is most unlikely that this will be the last discussion of whether diffusion is rate-limiting in protein folding.
